A computation fluid-coupled discrete phase model (CFD-DPM) was used to predict the motion characteristics of gas, particle, and liquid phases in the hot metal ladle. e influence of different voltage loading modes, voltage values, and powder injection speeds on the particle motion trail was investigated, while the effects on the particle concentration maximum difference in the stagnation region were discussed. e optimal injection and voltage parameters were proposed. e results are shown as follows: the loading voltage before injection is beneficial to the diffusion of particles in the molten pool. With the increase of voltage and injection speed, the distribution of particles in the upper part of the molten iron tends to be uniform. e bottom of the ladle is the stagnation region. Optimum voltage and injection speed were determined. Under the optimum conditions, particles are evenly dispersed and the particle concentration difference in the stagnation region is small. is research work will benefit greatly to the hot metal ladle desulfurization technology.
Introduction
As well known, sulfur is the main harmful element affecting the quality and performance of steel. So, ladle desulfurization has become a necessary part of producing high quality steel [1, 2] . In the past 10 years, the steel production capacity in China has increased rapidly. At the same time, new desulfurization techniques have emerged one after another to fulfil high efficiency and low-cost smelting [3] [4] [5] . e most widely used desulfurization process currently is powder injection technology [6] . Powder injection technology has received importance as a means to improve refining reactions due to the intimate contact between the particle and metal. In addition, the carrying gas provides stirring of the molten metal to achieve chemical homogeneity. e powder can be injected to the ladle from the ladle top or bottom. e top injection desulfurization technology, inserting the lance into the molten pool, has some serious problems such as the splashing phenomenon, low utilization rate of desulfurizer, pollution of molten steel by lance refractory material, long treatment period, and high cost [2] . erefore, Pan et al. proposed a hot metal bottom powder desulfurization process in which calcium oxide powder particles were injected into ladle baths through the slot plug and the particle motion trail in the slot plug was simulated [7, 8] . Liu proposed electrolytic magnesite desulfurization technology and verified its feasibility through thermodynamic experiments [9] . In this article, a new bottom powder desulfurization process with electricity field, the process is shown in Figure 1 . With calcium oxide as the main component, lime is used as the desulfurizer blown into the molten pool by nitrogen gas through the bottom purging plug of the ladle. e voltage is used to destroy the stability of the compound and improve the dynamic condition in the ladle, so as to promote the reaction of the powder particles with the molten iron, and the desulfurization efficiency can be maximized.
Most studies of the hot metal powder desulfurization process have focused on top injection metallurgy technology [10] [11] [12] [13] [14] [15] , while the study of multiphase behavior in the process of ladle bottom powder injection with electric field is few. In addition, it is extremely hard or impossible to measure experimentally the particle trajectories in metallurgical systems, so mathematical simulation become an important method to understand this process [16] [17] [18] . e aim of the current work is to understand the movement of the calcium oxide particle under the condition of electricity. With Fluent software used, a CFD-DPM coupled model was established to describe and simulate the multiphase flow behavior in the 300 t ladle bottom powder injection process. e effectiveness of the injection technique is related to the hydrodynamics of the system and the particle trajectories. erefore, the influence of different voltage loading modes, voltage magnitudes, and powder injection speeds on the particle trajectories was investigated. e effect on the particle concentration in the low-velocity area was discussed. e determination of optimum blowing parameters provides a theoretical basis for the establishment of the theoretical model of the bottom injection desulfurization process. e present study will greatly benefit advances in hot metal ladle desulfurization technology.
Model Description
With the chemical reaction neglected, the discrete phase model (DPM) is used to describe the motion behavior of the calcium oxide particles. As a transporting particle gas, the nitrogen and molten iron interact with each other. e gasliquid interface is obvious and affected by the liquid flow. erefore, the volume of fluid (VOF) multiphase model is selected to simulate gas-liquid two phase flow behavior, with molten iron as the main phase, nitrogen as the second phase, and calcium oxide as the discrete phase. e mathematical mode of each phase includes the momentum equation, the electric field force control equation, the energy equation, and the equation of turbulence kinetic energy and its dissipation rate. e standard k − ε turbulence model is selected. For the solution, considering the influence of the motion of the discrete phase on the continuous phase flow, a phase-tophase coupled calculation model is adopted. Firstly, the flow field of gas-liquid two-phase flow without calcium oxide particles is calculated, and then the flow field results of molten iron are used as the calculation domain of particles. After the particle trajectory is computed, the flow field of gas-liquid is calculated again with the interaction and momentum exchange between the discrete and continuous phase considered. e aforementioned steps would be repeated until the convergence results are obtained. e model is outlined below for completeness.
Gas-Liquid Phase Flow Equations in Ladle (VOF).
e tracking of the gas-liquid interface was carried out by using the VOF model originated from the research of Hirt and Nichols [19] . In this model, α is used to describe the volume fraction of different phases. Each calculation cell contains gas and liquid phases, in which the sum of the volume fractions of the phases is equal to 1, shown as follows:
where α is the volume fraction and i is for phase category. If α i � 0, there is no ith phase in the cell, and if α i � 1, the cell is full of the ith phase fluid. e interface between gas and liquid phases was tracked by the solution of a continuity equation. For the ith phase, the conservative equation can be expressed as follows:
where ρ i and α i are the density (kg/m 3 ) and the volume fractions of the ith phase, respectively. In the VOF model, all the fluids were simulated by the momentum equation as shown in equation (3) . e velocity field is shared by both phases. Concurrently, all variables and properties are represented by the volume fraction-averaged values.
where u is the velocity vector (m/s), p is the pressure (Pa), g is the gravity (m/s 2 ), ρ is the density (kg/m − 3 ), and μ eff (μ + μ t ) is the effective viscosity (Pa·s). p is the pressure (Pa), and F is interfacial forces between the gas and liquid phases (N).
Similarly, the energy equation is also shared among the phases shown as follows:
where the energy E and the temperature are treated as a mass-averaged variable.
where E i is based on the specific heat of the ith phase. e source term S h in equation (6) is the volumetric heat source. λ eff (�λ + λ t ) is the effective thermal conductivity (W·m − 1 K − 1 ):
Turbulence
Model. e governing transport equations for turbulence kinetic energy k and its dissipation rate ε are shown as follows:
where μ t is the turbulent viscosity and is described as
G k (kg/m/s 3 ) in equation (9) is the generation of turbulence kinetic energy due to the mean velocity gradients. In equations (10) and (11), the value of C1 ε , C2 ε , C3 ε , σ k, σ ε , and C μ are 1.44, 1.92, 0.8, 1.0, 1.3, and 0.9, respectively.
Equation of Motion for Calcium Oxide Particles (DMP).
In the discrete phase model (DPM), the analysis of the particle was performed by the Lagrangian approach. e time rate of change of velocity of a discrete particle and the position are the results of various forces acting on the particle. e particle trajectories were obtained by the solution of Newton's second law, shown as follows:
where, u and u p are the speed of liquid hot metal and the calcium oxide particles, respectively (m/s), ρ p is the density of the calcium oxide particles (kg/m 3 ), D P is the particle diameter (m), and F x is the force including virtual mass force, pressure, gradient force, and Lorentz force (N) induced by electricity field. e drag coefficient C D is defined as
where β 1 , β 2, and β 3 are constant under several ranges of Re, and Re is the relative Reynolds number, which is expressed as
2.4. Simulation Conditions. Table 1 gives the ladle size and the physical parameters of molten iron, nitrogen gas, and calcium oxide powder. e ladle capacity is 300 t. Nitrogen oxide is used as a carrier gas to blow the calcium oxide powder into the molten pool through bottom purging plug. e position of the purging plug is at 1/2 of the bottom radius, and the double nozzle is symmetrically arranged. e bottom and sides of the ladle are set as no slip boundary condition and a standard wall function to describe the turbulence characteristics at the near wall of the fluid. At the inlet of the gas-powder, the velocity inlet condition is adopted, the powder is sprayed at a uniform rate, and the gas phase volume ratio is 1. e top surface of the ladle is set at pressure outlet conditions, which is 0.1 MPa. e initial velocity of the entire fluid domain except the boundary is zero.
Results and Discussion

Typical Multiphase Flow Behavior Predicted in Hot Metal
Ladle Desulfurization with Bottom Powder Injection. Figure 2 shows the flow field in the hot metal ladle with the bottom powder injection. Figure 2 (a) is the typical trajectories of the gas and the particle phase predicted by DPM, while Figure 2 (b) is the velocity vector of molten iron. ere is no electric field, and the molten pool temperature is 1400°C. e gas-powder blowing speed is 4 m/s, and the blowing time is 2 S. It can be seen from Figure 2 (a) that the gas and particle phases enter the ladle with an upward momentum, and the molten iron velocity increases due to gas buoyancy, as shown in Figure 2 (b). From Figure 2 (b), it can be seen that the liquid vortexes are formed between the gas column and the ladle wall for the big velocity gradient, which improves the uniformity of composition and the desulfurization rate. Under the action of the vortex, buoyancy, and liquid turbulence, gas and particle phases move upward for a distance and then toward the beside wall, rise up, and diffuse in the ladle as shown in Figure 2(a) . By the aforementioned process, the purpose of desulfurization can be completed finally. However, the velocity at the bottom of the ladle (1, 2, 3 zone) is small, which is named as the stagnant region. is region has a negative effect on the uniformity of composition and desulfurization rate. Figure 3 shows the particle trajectories comparison under the different voltage loading modes, when the initial temperature of molten iron is 1400°C and the injection speed is 2 m/s. Figure 3(a) is the result of no voltage load and Figures 3(b) and 3(c) are the results of 4 kV voltage load before and after the powder injection, respectively. When there is no electricity field, the two particle streams are symmetrically distributed in the molten pool, move up from the bottom in the form of a cylinder to some height distance (this distance is named as the particle core region), and then diffuse toward the center and afterward move to the wall, go up, and spread toward the top surface. From the Figure 3(b) , it can be seen that the voltage load before injection has little effect on the length of the particle core region. However, the voltage load can weaken the rotation of the particles toward the wall and make the particles move upward with a higher kinetic energy. Compared with the results of no voltage, much more particles rise to the top and the particle concentration distribution is more uniform at the same ladle position. Figure 3 (c) shows that the distribution of particles in the ladle is not improved when the electricity is loaded after blowing for 2 s. Within 2 s blowing time, the particle concentration distributions in the stagnation region (1, 2, 3) under (a) and (b) mode were 750.362, 1142.53, and 803.64 kg/m 3 and 760.35, 1200.36, and 804.35 kg/m 3 . From aforementioned analysis, it can be known that the voltage of 4 kV before injection can promote the diffusion of particles in the upper part of the ladle, but the particle concentration distribution in the stagnation region is not improved significantly.
Effect of Voltage Loading Mode.
Effect of Voltage Value.
In order to investigate the effect of the voltage value on the particle concentration distribution in the bath, all of the model parameters are identical except for the voltage value loaded on the hot metal iron before bottom blowing. e value of voltage is 4 kV, 12 kV, and 20 kV, respectively, while the DPMpredicted results are shown as Figures 4 and 5 . Figure 4 provides the comparison of the simulated trajectories of particle under the condition of different voltage values. It can be seen that with an increase of voltage value, the maximum height of the particle can increase. e particle concentration distribution in the upper region tends to be uniform. e reason is that the higher voltage value leads to the bigger electric field force on the liquid iron, which accelerates the circulation of the liquid phase and diffusion of the particles. e increase in the voltage value also can strengthen the bath mixing in the stagnation region of the ladle. As shown in Figure 5 , the particle concentration in this region increases with the increasing voltage. It is apparent that the particle concentration in regions 1 and 2 is less than that in the region 3, while the particle concentration in region 3 is influenced by the value of voltage significantly.
Effect of Injection Speed.
Under the different bottom injection speeds, the predicted results of the particle trajectories and the particle concentration in the stagnation region are shown in Figures 6 and 7 , respectively. In this section, the voltage value is 20 kV, the temperature of the molten iron is 1400°C, the gas-particle injection speed is 2 m/s, 3 m/s, and 4 m/s, respectively, and the blowing time is 2 s. It can be seen that with an increase in the injection speed, the length particle core region (green color zone in Figure 6 ) increases, and much more particles concentrate in the middle region of the ladle. is is because that initial kinetic energy of the particles increases with the raising injection speed and results in an increase of the particle instantaneous blowing height. e particle concentration on the upper of the ladle bath increases when the injection speed increases from 2 m/s to 3 m/s, but decreases when the injection speed changes from 3 m/s to 4 m/s. e reason of that is higher injection speed causes more vortex between the particle stream and liquid, which transports the particles move toward the wall, and then rise up and go down. Owing to that, a lager injection speed is beneficial to the bath mixing effect. As shown in Figure 7 , compared with the injection speed of 2 m/s and 3 m/s, the particle concentration in the stagnation region increases significantly at the 4 m/s injection speed, and the particle concentration difference between the three stagnation regions decreases obviously. It can be known that the injection speed is the main factor for affecting the uniformity of the particle concentration distribution.
Matching Analysis of Injection Speed and Voltage.
In order to determine the optimum match of injection speed and voltage, the particle concentration in the stagnation region (1, 2, and 3) is predicted under different voltages and injection speeds, the results are shown in Figure 8 . It can be seen that the particle concentration at the stagnation region 3 increases significantly with the raise of the injection speed and the voltage. However, the voltage value has little effect on the particle concentration at the stagnation region 1 and 2 when the injection speed is less than 4 m/s. Figure 8(a) shows that when the voltage value is more than 12 kV, the maximum concentration difference between three stagnation regions is larger (the larger slope of the curve). So, the voltage loaded should be less than 12 kV when the injection speed is 2 m/s. Similarly, as shown in Figure 8(b) , when the blowing speed is 3 m/s, the voltage value also should be between 4 kV and 12 kV. When the injection speed is 4 m/s, the particle concentration at the stagnation region (1, 3) increases with the raising voltage, while the particle concentration difference between regions 1 and 2 reduces. erefore, at 4 m/s injection speed, the loading voltage should be 20 kV.
Overall, based on the aforementioned analysis, 20 kV voltage and 4 m/s injection speed can be used as the optimal parameter for the 300 t hot metal ladle desulfurization process. 
Conclusions
A CFD-DPM coupled model was carried out to describe the gas-particle-liquid multiphase flow in hot metal ladle desulfurization with bottom powder injection and electric field. With the coupled model used, the effect of voltage load mode and its value, and injection speed on the particle concentration in the bath was investigated. e results show that the voltage loaded on the liquid iron contributes to the uniform diffusion of the calcium oxide particles in the ladle. Furthermore, the loading voltage before injection is more favorable for the particles diffusing in the ladle. When the injection speed is constant, the larger the voltage value is, the more uniform the particle distribution is in the upper part of the ladle. When the voltage is constant, the particle distribution not only in the upper part of ladle but also in the stagnation region is improved with the increasing injection speed. Considering the effect of voltage value on the maximum difference of the particle concentration in the stagnation region, the voltage should be 4 kV to 12 kV when the injection speed is 2 m/s or 3 m/s, and the voltage should be about 20 kV when the injection speed is 4 m/s. Overall, the voltage of 20 kV and the injection speed of 4 m/s are suggested for the 300 t hot metal ladle desulfurization process, because the difference of particle concentration in the stagnation region is small, and the particle is evenly dispersed under this condition.
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